Linalool acetate, one of the major constituent of several essential oils, is heat-labile and decomposes upon exposure to the high injector temperature during gas chromatography. Here we report the development of an improved method for detection of this compound by gas chromatography mass spectrometry (GCMS) using cold on-column injection of the sample. By using this sensitive method, it has been demonstrated that a lavandin (L.x intermedia) mutant accumulates trace quantities of linalool acetate and camphor and higher amounts of cineole and borneol compared to its parent. This plant, which very likely carries a point mutation in one or more of the genes involved in essential oil production, provides a unique tool for investigating regulation of essential oil biogenesis in plants.
Linalool acetate, also known as linalyl acetate, bergamol, 3,7-dimethyl-1,6-octadien-3-yl acetate, and 1,6-octadien-3-ol, is a monoterpene widely used to impart scent to cosmetics, fine fragrances, shampoos, detergents and common household cleaners [1a] . In addition, a number of essential oils rich in linalool and linalool acetate are extensively used in alternative medicine and in the flavor and fragrance industries [1a-1c] . Linalool acetate is particularly abundant in plants belonging to the Lamiaceae (mint) family including Lavandula (lavenders). In these plants the essential oil contains mainly monoterpenes, with linalool and linalool acetate representing the major constituents of the oil [2a-2d] . While most monoterpenes found in essential oils are relatively stable, linalool acetate has been reported to decompose or auto-oxidize at room temperature [2e] . While analyzing the essential oil of various lavender plants by gas chromatography, we noted that a considerable amount of linalool acetate is lost during the process. We hypothesized that some of the linalool acetate decomposes during gas chromatography upon exposure to a high injector temperature. To test this hypothesis we analyzed a commercial sample of linalool acetate by GCMS at both high and low injector temperatures. Our results clearly showed that most of the injected linalool acetate decomposes at a high injector temperature, and that this problem can be avoided by delivering the sample directly to the GC column at a low injector temperature.
We are developing lavender as a model system for investigating regulation of essential oil formation in higher plants. To facilitate our studies, we have generated a population of lavender mutants through plant tissue culture by exposing regenerating plants to the potent mutagen ethyl methanesulfonate (EMS) [3] . A group of these mutants, derived from L.x intermedia (cv Provence) parent, accumulate lower quantities of linalool acetate and camphor but higher levels of cineole and borneol. This mutant provides a valuable tool for investigating molecular regulation of linalool acetate production in lavenders. We are currently developing the genomic tools necessary for evaluating the nature of the mutations that have altered essential oil composition in this plant.
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Vol. 4 No. 11 1533 -1536 GCMS analysis is commonly used for identification and quantification of volatile organic compounds, including monoterpenes found in essential oils. Most GCMS methods rely on sample delivery to the system using split injection at a temperature of 200 -250 o C. With the split injection method, the sample evaporates upon injection due to the high temperature and a specified fraction of the vapor enters the GC column. Alternatively, using the "cold on-column" method, samples can be directly deposited inside the GC column at a low temperature (e.g., 40 o C) with the aid of an appropriate on-column injector. The sample constituents evaporate and pass through the system as the temperature of the GC oven is slowly increased. This method is particularly suited for detecting compounds that are present at a low concentration. Since sample constituents evaporate and pass through the column at much lower temperatures, often below 100 o C, exposure to extremely high temperatures is avoided.
While developing a GCMS method for studying lavender essential oils, we noted that a significant amount of the linalool acetate decomposes during the process when the split injection method is utilized (Boeckelmann and Mahmoud, unpublished data). We also observed several apparent impurities in the form of unexpected peaks in the GCMS chromatogram of a commercial linalool acetate sample (Figure 1 D, Peaks 1 and 2). These peaks accounted for approximately 33% of the injected linalool acetate (Table 1) .
We hypothesized that the high injector temperature induced the breakdown of both linalool and linalool acetate during gas chromatography. To test this hypothesis, we performed a comparative study by analyzing 1ppm solutions of linalool, linalool acetate, and limonene by GCMS using both split and oncolumn injection methods. All other parameters were kept unchanged. Our results demonstrated that the detection accuracy for limonene was virtually unaffected by the injector settings as the quantity of detected limonene (represented as the total area corresponding to the limonene peak) was almost identical with both methods.
Due to its stability, limonene was added to all other samples as a standard. Thus, two samples were prepared at concentrations of 1ppm (one containing limonene and linalool and the other containing limonene and linalool acetate) and used in GCMS analyses (Figure 1 ). Our results demonstrated that the detected linalool and linalool acetate levels amounted to 58% and 18% of the originally injected quantities respectively when the samples were analyzed by the split injection method. In the case of linalool acetate most of the injected sample (over 80%) had been degraded ( Figure 1 & Table 1 ). The degradation products, which could not be identified, produced non-specific peaks on the chromatogram (Figure 1D , Peaks 1 and 2). Since peaks 1 and 2 (Figure 1 ) correspond to only 33% of the degraded linalool acetate, it can be reasoned that some of the breakdown products were not detected at all. Similarly, a substantial amount of linalool (approximately 40%) had been lost during analysis by split injection (Figure 1 and Table 1 ), while 90% of the sample remained intact when the on column method was used. Table 2 . The internal standard (IS) was menthol, which is not present in lavenders.
Suppression of linalool acetate production in
Although GCMS is one of the most powerful techniques for studying plant volatiles, certain plant derived essential oil constituents are heat-labile and break down during gas chromatography [4a-4c] . In particular, many mono-and sesquiterpenes undergo rearrangement or decompose upon exposure to high injector or oven temperature during gas chromatography. In this respect, it was recently discovered that the skeleton of the sesquiterpenes germacrene-B, germacrone, and pregeigerene rearrange to γ-elemene, β-elemenone and geigerene respectively upon heating [4a] . Consequently, it not surprising that a substantial amount of the injected linalool and linalool acetate degraded while using the split injection method.
A population of lavender mutants has been produced to facilitate investigations aimed at understanding the regulation of essential oil formation in these plants.
The essential oil from the floral tissues of these plants has been analyzed by GCMS using the cold oncolumn injection method. The results revealed the essential oil profile in some of these plants was radically altered (Figure 2) . In particular, one plant produced negligible quantities of linalool acetate making up only 1.86% of the total oil composition ( Figure 2 & Table 2 ). This indicates that the EMS induced mutation affected a key gene involved in controlling production of linalool acetate.
Interestingly, this plant also produced a smaller amount of camphor (3.03%) and higher amounts of cineole (27.09%) and borneol (21.01%). This demonstrated that the biosynthesis of these compounds may be controlled by the same mechanism that regulates production of linalool acetate. The exact nature of this regulation is not clear at this point and will be the subject of our future studies.
The biosynthesis of terpenoids, including mono-and sesquiterpenes, has been an active area of research over the past few years and numerous genes encoding enzymes that catalyze the formation of these metabolites (i.e., terpene synthases, TPS) have been characterized from various plants [5a-5c] . Currently regulation of expression of these terpene synthase genes is poorly understood. Furthermore, the molecular, cellular, and biochemical elements that control composition of the essential oil in plants have not yet been elucidated. The mutated L.x intermdia plant reported here provides a valuable tool for identifying genes that control production of linalool acetate in lavenders. We are currently developing genomics tools to enable experiments such as tilling [6a] that can identify mutated genes in these unique plants. Desautels et al. 
Detector Response

Experimental
Analytical grade linalool (>97% pure), linalool acetate (>97% pure) and limonene (>99% pure) were obtained from Sigma-Aldrich and Fluka, and diluted to a concentration of 1 ppm in pentane prior to analysis. Limonene, which is a very stable compound, was used as an internal standard in these studies. Hence, one sample contained limonene and linalool, and the other contained limonene and linalool acetate. One µL aliquots of each sample were analyzed by GCMS using both split and on-column injection methods. The post-injection concentration of linalool and linalool acetate was estimated by comparing the total area for the corresponding GC peaks to that of limonene in the same sample.
GCMS: All GCMS analyses were performed using a Varian GC 3800 gas chromatographer coupled to a Saturn 2200 Ion Trap mass detector. The instrument was equipped with a 30 m x 0.25 mm capillary column coated with a 0.25 µm film of acid-modified polyethylene glycol (ECTM 1000, Alltech, Deerfield, IL). The system was also equipped with a CO 2cooled 1079 Programmable Temperature Vaporizing (PTV) injector (Varian Inc.), which can be used in either split, or in cold on-column mode. For split injections, the injector was set to split mode at a 100:20 split ratio, and a temperature of 250°C. For cold on-column injections, the injector was set to oncolumn mode and a temperature of 40°C. The GC oven temperature program was initiated at 40°C for 3 minutes, increased to 170°C (at a rate of 7°C/min) and then to 230°C (at a rate of 30°C/min) for 3 minutes. The carrier gas (helium) flow rate was set to 1ml/min.
Extraction and Characterization:
Essential oil was extracted from 4 g samples of lavender tissue by simultaneous steam distillation / solvent extraction as previously described [6b]. Prior to extraction, 10 mg of menthol was added to each sample as an internal standard. The extracted essential oil was diluted 100X, and µL aliquots were analyzed by GCMS using on-column injection as discussed above.
